Cascade production from antikaon induced reactions on lambda and sigma 
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Using a gauged flavor SU(3) invariant hadronic Lagrangian, we study S production from K 
induced reactions on A and E in a coupled-channel approach. Including the four channels of KA, 
KY, 7rH, and 77H, we solve the Bethe-Salpeter equation in the if-matrix approximation by neglecting 
the off-shell contribution in the intermediate states. For the transition potential which drives the 
higher-order contribution, we consider all allowed Born diagrams in the s, t, and u channels. With 
coupling constants determined from the SU(3) symmetry with empirical input, we find that the 
cross sections for the reactions KA — > 7rH, KY —* 7rH, KA — > 77H, and KY —* rfE all have values of 
a few mb. In contrast to the results from the lowest-order Born approximation, the magnitude of 
these cross sections is less sensitive to the values of the cut-off parameters in the form factors. From 
the transition matrix in the coupled-channel approach, we have further evaluated the cross sections 
for the elastic process KA — > KA, KY, — > KY, irS — > 7rH, and rfS. — > r(E as well as for the inelastic 
processes .KA — > KY and irS —* r)3. Implications of the reactions studied here in S production from 
relativistic heavy ion collisions are discussed. 

PACS number(s): 13.75.Jz 
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I. INTRODUCTION 

Because of the large production rate of strange quarks 
in a quark-gluon plasma, enhanced production of hadrons 
consisting of multistrange quarks has been suggested as 
a possible signal for the quark-gluon plasma that is ex- 
ected to be formed in relativistic heavy ion collisions 
However, multistrange hadrons can also be produced 
from the hadronic matter that dominates the later stage 
of heavy ion collisions. In particular, the strangeness- 
exchange reactions between antikaons and baryons, such 
as KN -> MA, KN -> ME, KA -> MS, KT, -> MS, 
and KS — > Mfi with M denoting either pion or eta me- 
son, have been shown in a multiphase transport model 
Q to contribute significantly to the production of mul- 
tistrange baryons such as S and fl ||. Among these 
reactions, only the cross sections for KN — > 7rA and 
KN — > 7r£ have been measured in experiments ^J,^|. In 
Ref. H, the cross sections for other processes are deter- 
mined by assuming that they have the same transition 
matrix elements as that for the empirically measured re- 
action KN — ► 7rE. 

To check the validity of the above assumption, we have 
evaluated using the coupled-channel approach the cross 
sections for S production from the strangeness-exchange 
reactions induced by K on A and S. The interaction La- 
grangians needed for this study are taken from a gauged 
flavor SU(3) invariant hadronic Lagrangian with empiri- 
cal hadron masses. In Refs. p-^|, the same Lagrangian 
based on the SU(4) flavor symmetry has been used to 
study reactions involving vector mesons and pscudoscalar 
mesons. Here, we extend it to include the octet baryons. 
A Lagrangian similar to ours has been used in Refs. PJIu| 
to study the empirically known cross sections for the re- 
actions KN — > 7rA and KN — > 7r£. Solving the coupled- 
channel Bethe-Salpeter equation jll| for the transition 
matrix, it has been found that the measured cross sec- 
tions can be reproduced with appropriate form factors at 



the interaction vertices. In the present study, we extend 
the method of Refs. Jl(HL2], which includes only the 011- 
shell part of the propagator in the Bethe-Salpeter equa- 
tion but otherwise satisfies the unitarity condition, to 
study the strangeness-exchange reactions for S produc- 
tion, i.e., KA -> MS and KY, -> MS with M denoting 
either pion or eta meson. 

This paper is organized as follows. In Section |H|, we 
introduce the hadronic model used for present study. In 
particular, the interaction Lagrangians that are relevant 
to S production are derived from a gauged flavor SU(3) 
invariant Lagrangian with empirical hadron masses. Val- 
ues of the coupling constants are then determined from 
the SU(3) symmetry with empirical input. The coupled- 
channel method is introduced in Section III. To solve 



the resulting Bethe-Salpeter equation for the transition 
matrix, the lowest-order Born diagrams are evaluated to 
construct the transition potential that drives the higher- 
order contributions, and the iv-matrix approximation is 
used to reduce the Bethe-Salpeter equation to a simple 



form. In Section [V, details of our calculations are given. 



These include the transformation of the covariant tran- 
sition matrix between the Dirac spinors to a transition 
matrix between Pauli spinors, and the partial wave ex- 
pansion of the transition amplitude. Results on both the 
total and differential cross sections are given in Section 
We include not only results on the strangeness-exchange 
reactions for S production but also those on the elastic 
and inelastic processes. We further compare and discuss 
the results obtained from the coupled-channel approach 
with those from the Born approximation. Finally, con- 
clusions are given in Section fv|. In the Appendix, we 
give the explicit expressions of the transition amplitudes 
for all Born diagrams included in present study. 
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II. THE HADRONIC MODEL 



r/s = cos 6 rj + sin 9 r)', r/o — — sin 8 r\ + cos 8 rf . (6) 



In this section, we introduce the Lagrangian based on 
the gauged flavor SU(3) symmetry for describing the in- 
teractions between mesons and baryons. Since the SU(3) 
symmetry is explicitly broken by the appreciable differ- 
ences in hadron masses, the empirical hadron masses are 
used in the Lagrangian. For the coupling constants, we 
shall determine them using the SU(3) symmetry in terms 
of empirically known coupling constants. 



The mixing angle 9 is not well determined and has a value 
between —10° and —23° jL3|. In the present study, we 
choose the mixing angle to be —23° but will study how 
our results change when it is taken to be —10°. Also, we 
shall consider only the 77 meson in the present study as 
the rf meson is more massive and will not contribute sig- 
nificantly to 3 production from the strangeness-exchange 
reactions in a hadronic matter. 



A. The Lagrangian 

The SU(3) invariant Lagrangian for octet pseudoscalar 
mesons and baryons interacting through pseudovector 
couplings can be written as 



C = iTr(BpB) + Tr[(9 M P t )(^P)] + g' {Tr[(l - 
x B'f^Bd^P + (1 + a)(<^P)i? 7 V-B]} , 
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where P and B denote, respectively, the 3x3 matrix 
representations of pseudoscalar mesons and baryons, i.e., 
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In Eq. (]]]), g' is the universal pseudovector coupling of 
pseudoscalar mesons to baryons, while the parameter 
a denotes the ratio of the F type coupling (Tr[(BB + 
BB)M]) to the D type coupling (Tr[(BB - BB)M]). 

To include the interactions of baryons and pseu- 
doscalar mesons with vector mesons, we treat vector 
mesons as gauge particles by replacing the partial deriva- 
tive in Eq.(Q) with the covariant derivative 



2* 



(4) 



where V denotes the matrix representation of vector 
mesons, i.e., 
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' 75 ^ 75 
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(5) 



and g denotes the universal coupling of vector mesons 
with baryons and pseudoscalar mesons. 

In Eq.(^), 778 and 770 are, respectively, the octet and 
singlet eta mesons, and they are mixtures of physical 77 
and 77', i.e., 



B. Interaction Lagrangians 



Expanding the Lagrangian in Eq. (|l|) using the ex- 
plicit matrix representations of P, V , and B, we obtain 
the following interaction Lagrangians that are relevant to 
S production in strangeness-exchange reactions: 
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(7) 
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In the above, f are Pauli matrices; tt, p, and S denote 
the pion, rho meson, and sigma hyperon isospin triplets, 
respectively, with the usual phase convention of defining 
the positively charged states with an extra minus sign 
with respect to the isospin state |7 = 1,I Z = 1 >. Fur- 
thermore, K = (K-,K°), and K* = (K*-,K*°) denote 
the pseudoscalar and vector antikaon isospin doublets, 
respectively, and S = (S~,2°) is the cascade hyperon 
isospin doublet. 

In terms of the SU(3) coupling constants g, g' , a, and 
the mixing angle 6, the hadronic coupling constants in- 
troduced in Eq.(Q) can be expressed as 
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The above hadronic coupling constants can be related 
to the coupling constants between pion and rho meson 
with nuclcon, which are defined by 



NN 



NN 
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CpNN = 9 p nnN^tN ■ p M , 
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TABLE I: Coupling constants used in the present study. 
They are determined from empirically known coupling 
constants using relations derived from the SU(3) symme- 
try. 



C. Tensor interactions 

Besides the vector interactions between vector mesons 
and baryons introduced in Eq.(Q) through the minimal 
substitution, there also exist tensor interactions. In the 
present study, we assume that the tensor interactions 
are SU(3) invariant and have both D and F type as the 
interactions between pseudoscalar mesons and baryons. 
The vector meson and baryon interaction Lagrangian can 
then be written as 



Cvbb = gTriBy^B) + |-Tr [(I - a)Ba>"'Bd ll V v 

2m L 



(11) 



where m is the SU(3) degenerate baryon mass and g l is 
the universal tensor coupling constant. To include the 
symmetry breaking effect, we replace 2m in the above 
equation by the average empirical masses of the two 
baryons at an interaction vertex. One usually introduces 
the parameter k = g l / g to denote the ratio of tensor to 
vector couplings. 

Expanding Eq. ( p"l] ) using the matrix representations of 
the vector mesons and baryons, we obtain the following 
relations among tensor coupling constants 
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From the empirical values f^NN = 1-00, QpNN = 3.25 
0, and D/(D + F) = 1/(1 + a) = 0.64 @, we obtain 
g' = 9.2 GeV-\ g = 13.0, and a = 0.56. Substitut- 
ing these parameters into Eq. (||) gives us the hadronic 
coupling constants in the interaction Lagrangians. Their 
values are given in Table I. 
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From the empirical value for the rho meson tensor in- 
teraction with nucleons, i.e., g fiNN = 19.8 fll4[ , we obtain 
from Eq. ( |l2| ) the tensor coupling constants shown in Ta- 
ble I. 



III. THE COUPLED-CHANNEL APPROACH 

In Refs. |j],[lO), a coupled-channel approach based on 
a Lagrangian similar to the one introduced in Section [□ 
has been used for evaluating the cross sections for the 
strangeness-exchange reactions KN — ► ttA and KN — + 
7rS. In this paper, we extend the couple-channel method 
to study the reactions KA — > 7rS and KY> — > 7rS for 3 
production. We further consider reactions involving an 
eta meson instead of a pion in the final state. 

The transition matrix in the present study is a 4 x 4 
matrix with matrix elements denoting the transition am- 
plitudes between the four channels KA, KT,, 7rS, and 
77S. In the coupled-channel approach, the transition ma- 
trix satisfies the Bethe-Salpeter equation, 



T = V + VGT. 



(13) 



In the above, V is the transition potential consisting of 
all one- and two-particle irreducible connected diagrams, 
and G is the dressed propagator. 



Following Refs. H|T(|, we include in the transition po- 
tential V only the lowest-order Born diagrams. The di- 
agrams in Fig. [l] are for the strangeness-exchange re- 
actions leading to S production. Figs. || and |j|give, 
respectively, the diagrams for the elastic and inelastic 
meson-baryon scattering processes. 
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FIG. 2. Elastic scattering between mesons and hyperons. 
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FIG. 3. Inelastic scattering between mesons and hyperons. 
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FIG. 1. Born diagrams for H production from strangeness 
exchange reactions. 



The Bethe-Salpeter equation can be rewritten in terms 
of the imaginary part of the propagator, Gi, as 

T = K + KGiT, (14) 
where the K matrix satisfies the equation 

K = V + VG K K, (15) 
with Gr denoting the real part of the propagator. 



Following the frequently used if-matrix approxima- 
tion, we set K = V, i.e., neglecting the real part of G 
or the off-shell contribution in the intermediate states. 
As shown in Ref. |LG], using the on-shell propagator 



d = -2in 2 5(k 2 n 
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with m m and m,b the masses of intermediate meson and 
baryon, respectively, leads to a simple relation between 
the transition matrix T and the transition potential V, 
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It can be shown that the fC-matrix approximation pre- 
serves the unitarity of the transition matrix jlO| . How- 
ever, because of the neglect of Gr, the scattering am- 
plitude obtained from the .ftT-matrix approximation may 
not have the full analytic structure of the exact scatter- 
ing amplitude. On the other hand, it has been shown in 
Rcf. |l(| that for pion-nucleon scattering the results from 
the Bethe-Salpeter equation are not very sensitive to the 
approximation used for the propagator. 



IV. CALCULATION DETAILS 

A. Born amplitudes 

Using the interaction Lagrangians in Section ||, the 
amplitudes for the Born diagrams shown in Figs, [l], 
| and | can be straightforwardly derived. Aside from 
isospins, they are given generically by 
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(19) 



for the t, u and s channels, respectively. In the above, 
and qj are the momenta of the initial and final mesons 
with masses m, and mf, respectively; Ui is the Dirac 
spinor for the initial baryon with mass Mi and momen- 
tum pi , while Uf is that for the final baryon with mass Mf 
and momentum pf, and qt, q u and q s are the momenta 
of the intermediate particles with masses mt, m u and m s 
in the three channels. The coupling constants g± and g2 
in the t channel amplitude denote, respectively, the cou- 
pling of the exchanged vector meson with pseudoscalar 
mesons and baryons. The couplings of the initial and fi- 
nal mesons with baryons in the u and s channel are given 



by fi and //, respectively. Explicit expressions including 
isospins for the amplitudes of all diagrams in Figs. [|, 
and |^ are given in Appendix A. 

Because of the finite size of hadrons, form factors are 
needed at interaction vertices. All form factors are taken 
to have the form 



F(q 2 



A 2 
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(20) 



In the above, the momentum q is the three momentum 
transfer for t channel diagrams, and the center-of-mass 
momentum of the initial and finial mesons for u and s 
channel diagrams. The cutoff parameter A is a parame- 
ter and will be varied in our study. To reduce the number 
of free parameters, we use the same cutoff parameter for 
all vertices. 



B. partial wave expansion 

For processes involving pseudoscalar mesons and spin- 
half baryons as studied here, the orbital angular momen- 
tum is the same for the initial and the final state. As 
shown in Ref. [0 , the relation given in Eq. ([l7]) between 
the transition amplitude and the transition potential ob- 
tained in the if-matrix approximation also applies to the 
transition matrix for a given total angular momentum j 
and orbital angular momentum I, i.e., 
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where T" and V are related to T and V by 
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with pi and pf the magnitude of initial and final baryon 
three momenta in the center-of-mass frame. 
The total cross section is then given by 
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(23) 



where TJ± denotes T i± i ; . 

To derive Vji from the the Born amplitudes, we use the 
following relations given in Refs. @@: 
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In the above, M = (Mi + Mf)/2 is the average of the 
initial and final baryon masses; and Ei and Ef are, re- 
spectively, the initial and final baryon energies. 

The spin-independent (A) and spin-dependent (B) am- 
plitudes are defined by 
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M fi = u(p f ,Sf) 
and can be evaluated according to 
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A = A s +At+A u , 
B = B s + B t + B u . 



(28) 



The various terms on the right-hand side of the above 
equation are obtained from the Born amplitudes, and 
aside from isospins they are given explicitly by 
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for the s channel Born amplitude, 
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for the t channel Born amplitude, and 
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V. RESULTS 

In this section, we show both the total and differen- 
tial cross sections obtained from the coupled-channel ap- 
proach for the strangeness-exchange reactions KA — * 7r5, 



KYj — > 7rS, KA — > r)3, and KY, — > r/E. These results will 
be compared with those obtained from the Born approx- 
imation. We further show the total cross sections for the 
elastic processes KA — > KA, KY, — * KY, ttE — * 7r5, and 
rjE, — + rjE. as well as for the inelastic processes KA — > KT, 
and 7rS — > ryS. All cross sections are obtained from 
Eq.(p3|) by averaging over initial and summing over fi- 
nal particle spins and isospins. 



A. Strangeness-exchange reactions 
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FIG. 4. Cross sections for 3 production in strangeness ex- 
change reactions as functions of center-of-mass energy from 
the coupled-channel approach with cutoff parameters A = 1 
(solid curves) and 2 GeV (dotted curves). 

Results on the cross sections for S production from the 
strangeness-exchange reactions KA — > 7r2, KT, —* 7rS, 
KA — > 77S, and KY — > r/S are shown in Fig. S. These 
cross sections are evaluated using the coupled-channel 
approach with cutoff parameters A = 1 and 2 GeV. It is 
seen that the cross sections do not depend strongly on 
the value of the cutoff parameter. Since the reactions 
with pions in the final state is exothermic, their cross 
sections diverge at threshold. On the other hand, the re- 
actions with etas in the final state are endothermic and 
have thus vanishing cross section at threshold. For all 
four reactions, the cross sections at energies much above 
threshold are a few mb, with those involving pions in the 
final state about twice as large as those involving etas in 
the final state. 
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FIG. 5. Cross sections for 3 production in strangeness ex- FIG - 6 - Differential cross sections for strangeness-exchange 

change reactions as functions of center-of-mass energy from reactions obtained from the coupled-channel approach at dif- 

the Born approximation with cutoff parameters A = 1 (solid ferent center-of-mass energies above the threshold, 
curves) and 2 GeV (dotted curves). 



The results from the coupled-channel approach are 
very different from those given by the Born approxima- 
tion. As shown in Fig. M, the cross sections evaluated 
using the Born approximation have a stronger depen- 
dence on the value of the cutoff parameter than those 
from the coupled-channel approach. Furthermore, cross 
sections from the Born approximation in general increase 
with center-of-mass energy much faster than those from 
the coupled-channel approach, particularly for the pro- 
cesses KYi — ► 7rS and KY, — ► rjE,. As a result, the Born 
approximation gives a much larger cross section than the 
corresponding one from the coupled-channel approach. 
The difference is large for the larger cutoff parameter. 
This is easily seen from Eq.(|lj]), as the transition ampli- 
tude from the coupled-channel approach is bounded as 
the magnitude of the transition potential increases. Our 
results thus demonstrate the importance of the unitarity 
constraint, which is satisfied in the coupled-channel ap- 
proach, on the determination of the magnitude for the S 
production cross sections. 

We have also evaluated the differential cross sections 
for the strangeness-exchange reactions, and the results 
at center-of-mass energies of 0.05, 0.L 0.2, and 0.3 GeV 
above the threshold are shown in Fig.g. As expected, the 
angular distribution is relatively flat near threshold and 
becomes more forward peaked as the energy increases. 
For all four processes, the shapes of their differential cross 
sections from the coupled-channel approach are, however, 
similar to those obtained from the Born approximation, 
which are shown in Fig. |7l 
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FIG. 7. Differential cross sections for strangeness-exchange 
reactions obtained from the Born approximation at different 
center-of-mass energies above the threshold. 



B. Elastic and inelastic scattering processes 

The transition matrix T also contains information on 
the cross sections for the elastic processes KA — > KA, 
KYi — ► KT,, 7rS — > 7rS, and i]E —> i]E as well as for the 
inelastic processes KA — > KY* and 7rS — > rjE.. The re- 
sults are shown in Fig. ||. As in the case of strangeness- 
exchange reactions, these cross sections do not depend 
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strongly on the cutoff parameter. All four elastic scat- 
tering cross sections are relatively large. For inelastic 
processes, the cross section for KA — > KY, is a few mb 
but it is less than one mb for the reaction 7rS — > jjH. 
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strongly on the value of the cutoff parameter. Except 
for the reaction r/'E, — > ryS, the Born approximation gives 
much larger cross sections than the coupled-channel ap- 
proach if the cutoff parameter is A = 2 GeV. However, 
with a smaller cutoff parameter of A = f GeV, the results 
from the two approaches become comparable. The cross 
section for the reaction 77S — > 77E in the Born approxima- 
tion is much smaller than that for the reaction 7rS — > 7rS 
due to the absence of t channel diagram as shown in Fig. 
^. Comparing the Born cross section for the reaction 
77S — > 77S with that from the coupled-channel approach 
shows that the coupled-channel effect increases its cross 
section significantly. 

Another difference between the cross sections from the 
coupled-channel approach and those from the Born ap- 
proximation is that the former do not have as smooth 
an energy dependence as the latter. This is due to the 
fact that in the coupled-channel approach the coupling 
to a different channel in the intermediate states is en- 
hanced whenever the energy is above its threshold. For 
example, in the reaction 7rS — > 7rS, which has the lowest 
total channel mass, effects of other channels such as KA, 
KTi, and 775 appears successively with increasing energy 
as shown in Fig. pi 



FIG. 8. Cross sections for elastic and inelastic processes 
from the coupled-channel approach for cutoff parameters 
A = 1 GeV (solid curves) and A = 2 GeV (dash curves). 



C. Mixing angle dependence 



40 
20 


2 20 

E 



20 
10 



Ka->Ka 


Kl->K£ 








T|E->T|E 




jcs->j[S 




KA >Kx 


7iE->r|E, 







0.2 



0.4 



0.60.0 
So 1 ' 



g1« g 1/2 (QeV) 



0.2 



0.4 



40 



20 





0.6 
0.4 
0.2 



0.0 
0.6 



20 



E 
D 3 



- KA->tiS 


Kl->jtS 


\ e = -23° 




- V---e = -io° 




i , i , i 




KA— >TjS 


KL->T]S 


r 


/ / 
/ / 
/ 



S 1,2 -S 1 ' 2 (GeV) 



20 



0.0 0.2 0.4 0.60.0 0.2 0.4 0.6 
5 1/: 



FIG. 9. Cross sections for elastic and inelastic processes ob- 
tained from the Born approximation with cutoff parameters 
A = 1 GeV (solid curves) and A = 2 GeV (dash curves). 



For comparisons, we show in Fig. ^| the cross sections 
for the elastic and inelastic processes obtained from the 
Born approximation. It is seen that the results depend 



FIG. 10. Cross sections for strangeness-exchange reactions 
using two different mixing angles between the singlet and 
octet eta mesons. The cut-off parameter is A = 1 GeV in 
both cases. 

To see the dependence of our results on the mixing an- 
gle between the singlet and octet eta mesons, we have also 
calculated the cross sections for the strangeness-exchange 
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reactions using a mixing angle of 9 = —10° and a cut- 
off parameter of A = 1 GeV. In Fig. |l(| we compare the 
results with those using 6 = —23° and the same cutoff pa- 
rameter. We find that the cross sections for the reactions 
KA — ► ttE and KY — ► ttE are essentially the same for the 
two mixing angles as the eta meson affects their cross sec- 
tions only indirectly through the coupled-channel effect. 
For the reactions KA — > 77s and KY — > r/E involving the 
eta meson in the final state, there are slightly variations 
between the cross sections from the two mixing angles. 



VI. CONCLUSIONS 

To evaluate the 5 production cross section from the 
strangeness-exchange reactions between K and hyperons 
A and S, we have carried out a coupled-channel calcula- 
tion including the four channels KA, KY, ttE, and rjS. 
The resulting coupled-channel Bethe-Salpeter equation 
for the transition matrix is solved in the if-matrix ap- 
proximation, i.e., neglecting the real part of the propa- 
gator or the off-shell contribution in the Bethe-Salpeter 
equation. 

The transition potential, which drives the higher-order 
effects in the Bethe-Salpeter equation, is obtained from 
the lowest-order Born diagrams for processes between 
these channels. The Born diagrams, which generally 
include the s, t, and u channels, are evaluated from a 
gauged SU(3) flavor invariant Lagrangian. The symme- 
try breaking effect is taken into account by using em- 
pirical masses. For coupling constants in the interac- 
tion Lagrangians, they are determined from empirically 
known coupling constants using relations derived from 
the SU(3) symmetry. Form factors are then introduced 
at interaction vertices to take into account the finite size 
of hadrons. 

Both total and differential cross sections for the 
strangeness-exchange reactions KA — > ttE, KY — + nE, 
KA — ► ijE, and KY — > rfE are evaluated. We find that 
values of these cross sections are not small and are not 
very dependent on the values of the cutoff parameters 
introduced in the form factors. This is in contrast with 
the cross sections evaluated in the Born approximation, 
which shows a much stronger dependence on the cutoff 
parameter. Our results thus demonstrate the importance 
of unitarity, which is satisfied by the coupled-channel ap- 
proach in the i^T-matrix approximation but not in the 
Born approximation, in evaluating the cross section for 
5 production from strangeness-exchange reactions. 

As a byproduct of our study, we have also obtained 
the cross sections for the elastic process KA — > KA, 
KY — > KY, 7rS — > nE, and rj'E, — > 77S as well as for 
the inelastic processes KA — » KY and irE — > rfE. As 
for the strangeness-exchange reactions, the cross sections 
obtained from the coupled-channel approach are less de- 
pendent on the cutoff parameters than those from the 
Born approximation. 



The results from our study are useful for relativistic 
heavy ion collisions. Values of the E production cross 
sections from our study are not small and are compara- 
ble to those used in a recent transport model calculations 
H . In this study, it has been found that the strangeness- 
exchange reactions play an important role in the produc- 
tion of multistrange baryons such as 5 and fl in heavy 
ion collisions at the SPS energies if one does not assume 
that the quark-gluon plasma is formed in the collisions. 

Heavy ion collisions at energies below the production 
threshold for 5 in the nucleon-nucleon interaction may be 
useful for testing the results obtained in present study. 
If the heavy ion collision energy is above the thresholds 
for K, A and Y, which are lower than that for 5, 5 
can still be produced via the K induced strangeness- 
exchange reactions on A and Y. The 2 yield in heavy 
ion collisions at such subthreshold energies is thus sensi- 
tive to the cross sections for these strangeness-exchange 
reactions. A similar idea via the strangeness-exchange 
reaction irA — > KN 19-21 has been found to be im- 
portant for explaining the observed enhancement of K~ 
production in heavy ion collisions at energies below its 
pro duction threshold in the nucleon-nucleon interaction 

For future studies, it would be of interest to extend 
present study to Q production from the strangeness- 
exchange reactions KE — > nfl and KE — > rfil. This 
is particular important as the enhancement of fl pro- 
duction in relativistic heavy ion collisions is even larger 
than that for E E3] . Knowledge of these cross sections is 
thus needed to determine if these strangeness-exchange 
reactions also contribute significantly to CI production in 
relativistic heavy ion collisions. Since SI belongs to the 
decuplet representation of SU(3), both the interaction 
Lagrangians and the partial wave expansion involved in 
the calculation will be different from those for 3, which 
belongs to the octet representation of SU(3). 

It will also be of interest to improve the results from 
the coupled-channel approach by including the off-shell 
effects due to the real part of the propagator in the 
Bethe-Salpeter equation, which has been neglected in the 
present study. 

Finally, there also exists other approach to the re- 
actions KN — > irA and KN — ► ttY based on the 
SU(3) x SU(3) chiral Lagrangian p3]. Since chiral sym- 
metry imposes additional constrains on meson-baryon 
scattering amplitudes at low-energies, it is important to 
see how the results obtained from present approach are 
modified by chiral symmetry. 
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APPENDIX 

In this appendix, we give explicit expressions for the 
amplitudes of all the diagrams in Figs. [I], ^, and || 
1) AA -> ttS: 
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